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1. Introduction 
Mitoses in the multinuclear plasmodium of the 
myxomycete Physarum polycephalum occur sponta- 
neously synchronous [ 1 ] . Thymidine kinase 
(EC 2.7.1.2 1) increases periodically just prior to and 
during each mitosis [2, 31 suggesting that the regula- 
tion of this enzyme is closely linked to the control of 
the mitotic cycle in Physarum. In order to obtain fur- 
ther information about the mechanism controlling 
thymidine kinase induction and its correlation with 
mitosis, the effect of ionizing radiation on the timing 
of these two events was studied. Since X-rays exert a 
retarding effect on mitosis in many systems without 
affecting overall cell growth [4], they appear to act 
rather specifically on the control of the division cycle. 
The action mechanism, however, is still obscure. The 
question was asked whether a radiation induced delay 
of mitosis is accompanied by a corresponding change 
of the time marker for thymidine kinase induction or 
whether these two events can be dissociated. Further, 
the cycle dependent variation of the X-ray effects was 
studied in order to learn more about the possible 
action mechanism of ionizing radiation. The results 
indicate that the radiosensitivity of Physarum plasmo- 
dia changes drastically during the synchronous nuclear 
division cycle. The time markers of mitosis and of 
thymidine kinase induction are equally affected by 
North-Holland Publishing Company - Amsterdam 
X-rays suggesting that the control mechanisms of these 
two events are indeed closely related or even identical. 
2. Methods 
Disc shaped macroplasmodia of Physarum polyce- 
phalum with a diameter of 4 to 6 cm were cultivated 
on a sterile liquid medium as described [S, 61. Entire 
plasmodia or segments were irradiated with a Siemens 
“Dermophan” X-ray generator (29 kV, 25 mA, 0.3 mm 
Al filter, dose rate 870 r/min). Mitotic stages were 
observed in ethanol fixed smears with a phase con- 
trast microscope [7] . Thymidine kinase activity was 
determined in the high speed supernatant of plasmo- 
dial homogenates as described [2,3]. 
3. Results and discussion 
3.1. Cycle dependent variation of mitotic delay 
Previous studies by Nygaard et al. have shown 
that X-irradiation of Physarum with 9000 r retards 
mitosis most effectively when applied during early 
interphase (S-period) or at the end of the GZ-period 
[9] . Following up these earlier studies in more detail 
l Dedicated to Prof.Dr.K.H.Bauer on his 80th birthday. 
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Fig.1. Variation of radiosensitivity during the nuclear division 
cycle. Macroplasmodia were cut into 4 equal segments about 3 hr 
prior to the expected second synchronous mitosis. Individual 
segments were removed from the medium at various time 
intervals, irradiated in air with 1000 r or 10,000 r, and returned 
onto nutrient medium. Each point represents the delay of 
mitosis (M) relative to an untreated control. The results of 
three separate xperiments are marked with different sym- 
bols. (M), (M-l): synchronous mitoses (prophase to telophase); 
(S): period of nuclear DNA synthesis; (Gz): premitotic gap: 
there is no G 1 -period in the nuclear cycle of this organism 
[ 20,211. (*): a few pycnotic nuclei were observed occasion- 
ally after irradiation in early prophase. 
we find (fig. 1) that irradiation with a lower dose 
(1000 r) reveals only one period in the cycle with high 
radiosensitivity. The peak coincides with mitosis (M-l) 
which precedes the delayed mitosis (M). The declining 
part of the peak extends into early S-period but little 
effect is seen during the rest of the cycle. With a 10 
times higher dose (10,000 r), however, a second sen- 
sitive period is observed during late interphase prior 
to mitosis (M). The effect increases steadily as the time 
of irradiation approaches the end of the G2-period and 
then drops sharply at the time of the onset of prophase. 
The dose dependent increase of the effect is almost 
linear up to at least 1,500 r if the irradiation occurs 
during mitosis (M-l) but follows a slightly sigmoidal 
pattern during the less sensitive G2-period (fig. 2). 
The results suggest hat X-rays interfere with the 
mitotic cycle by different mechanisms depending on 
the position of the cycle at the time of treatment. The 
period of maximal radiosensitivity overlaps but does 
not exactly coincide with the period of nuclear DNA 
replication (S-phase). It is unlikely therefore that the 
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Fig. 2. Dose dependent delay of mitosis (M) in plasmodia 
irradiated during the preceding metaphase (M-l) or in G2- 
,period (1.7 hr prior to mitosis M). 
radiosensitive molecular event is identical with overall 
nuclear DNA synthesis. This is supported by the fin- 
ding that irradiation with 1000 r does not signifi- 
cantly alter the rate of 14C-thymidine incorporation 
into DNA during the first S-period (fig. 3). Labeling 
of DNA during the second S-period, which is delayed 
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Fig. 3. Specific radioactivity of DNA after pulse labeling wit1 1
14C-thymidine. Four replicate macroplasmodia were divided 
into halves at the time of mitosis (III). One moiety of each 
culture was irradiated with 1000 r 30 min after telophase 
(early S-periqd) the second moiety served as a control. Small 
pieces VZ, 2 cm2 were dissected from treated and control 
plasmodia at various time interva!!, incubated 15 min on 
medium containing 0.05 &i/ml 14C-thymidine (30 mCi/mmole), 
immersed into 2 ml cold 0.25 N trichloroacetic acid (TCA) 
and processed as described [21]. The acid-insoluble fraction 
was then extracted with 1 ml hot TCA (15 min, 70’) and the 
supernatant was analyzed for DNA (8) and radioactivity 
(scintillation counter). Columns indicate specific radioacti- 
vity of DNA in control (white) and treated (shaded) segments. 
(M), (Mx): mitosis in normal and irradiated plasmodia respec- 
tively. 
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parallel to the delay of the next mitosis, even exceeds 
the control rate. The latter effect most likely results 
from the increased production of thymidine kinase 
as discussed below (3.2). 
The high radiosensitivity prior to the onset of the 
S-period may nevertheless be causally related to the 
process of DNA replication. This as also suggested by 
recent observations of Nygaard et al. [lo] that the 
period of high radiosensitivity in Physarum can be pro- 
longed by inhibiting DNA synthesis with Wluorode- 
oxyuridine. The position of the peak of radiosensiti- 
vity would agree with the idea that the target is DNA 
and the primary damage is immediately “fixed’: by the 
subsequent replication of the DNA molecules; i.e. a 
single strand lesion is by-passed by the replicating fork 
leaving a gap in the newly synthesized strand which 
cannot be closed rapidly. The ultimate cause of the 
retarding effect on mitosis thus may be a disturbance of 
the transcription at these defective gene sites. On the 
other hand, a similar damage inflicted upon nonrepli- 
eating DNA would quickly be repaired, explaining the 
much lower radiosensitivity during the G2-period. The 
relative radioresistance of the second half of the S- 
period could mean that early replicating genes are 
more important for the control of mitosis than later 
replicating genes. 
A different mechanism seems to be responsible for 
the retardation of mitosis by large X-ray doses applied 
during the late G,-period. Perhaps double strand 
breaks of DNA are involved which require much high- 
er radiation energies to be formed and are less efti- 
ciently repaired than single strand breaks [ 111. On the 
other hand, a DNA-protein complex [ 121 or compo- 
nents other than DNA may be considered as the 
primary target as well. The steady increase of radio- 
sensitivity toward the end of the G,-period suggests 
that the radiation damage is repaired with a half time 
of about 3 hr (fig. 1). There is some evidence from 
studies with other systems that the recovery from 
radiation damage leading to mitotic delay requires 
protein synthesis but lot RNA synthesis [ 13-151. 
This could mean that ionizing radiation interferes 
directly with proteins essential for mitosis or indi- 
rectly by affecting their synthesis at the translation 
level. While such a mechanism seems less suitable to 
explain the close correlation of the early sensitive 
period with DNA synthesis, it may well be respon- 
sible for the antimitotic effect of radiation in the late 
Fig. 4. Cycle dependent fluctuation of thymidine kinase in 
normal and irradiated plasmodia. A series of 6 replicate 
macroplasmodia was prepared. Each culture was divided 
into halves at the time of mitosis (III) and one moiety 
Irradiated with 1000 r immediately. A different set of cul- 
tures was treated slmllary with 10,000 r 2 hr prior to the 
expected onset of mitosis. Quarter segments (“5 cm’) were 
harvested at various time intervals, homogenized in 1.5 ml 
tris buffer (0.05 M, pH 7.5) + 0.002 M mercaptoethanol 
with a Branson sonicator (3 x 2 set stage 3) and centrifuged 
(30 min 120,000 g). Enzyme activity was assayed in a mix- 
ture containing 10 mM ATP, 10 mM 3-phosphoglycerate, 
10 mM MgCla, 40 mM tris-HCl pH 7.5, 2.5 mM EDTA-Na. 
1 mM mercaptoethanol, 8 r,rM r4C-thymidine (59 &i/mmole), 
plasmodial extract 0.5- 1.0 mg protein/ml; total volume 
0.2 ml. Aliquots (25 ~1) were pipetted onto pieces of anion 
exchange paper (Whatman DE 81, 1.6:X 2 cm) after 0 and 
20 mm incubation at 27 o and processed as described [ 21. The 
amount of 14C-thymidine phosphorylated and retained by 
the paper was measured with a scintillation counter. o-o: 
controls; l - - -0, u-.-m: irradiated with 1000 r and 
10,000 r respectively; (M), (Mx): mitosis in controls and 
irradiated plasmodia respectively. 
G2-phase. This would agree very well with our obser- 
vation that the end of the radiosensitive period in G2- 
phase exactly coincides with the last point of the 
cycle where inhibition of protein synthesis with 
cycloheximide prevents the onset of mitosis [3, 161. 
3.2. Effect on thymidine kinase production. 
Irradiation with 1000 r during mitosis (M- 1) does 
not immediately affect the pattern of thymidine 
kinase activity (fig. 4) but later on the enzyme level 
stays somewhat higher than in the controls. At the 
time of the delayed mitosis (MX) the enzyme sharply 
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increases, reaching a peak far above the control maxi- thus prevent a new pulse of inhibitor production. The 
mum. The time marker of thymidine kinase induction repressor level will further decrease and even disap- 
therefore is shifted concomitantly with mitosis but the pear completely, permitting unrestricted enzyme pro- 
yield of enzyme is largely enhanced. Irradiation with duction when the thymidine kinase gene is turned on 
10,000 r during late Gz-period causes the same delay at the end of the prolonged GZ-period. Contrary to 
of mitosis (~3 hr) as irradiation with 1000 r during this, irradiation during G,-phase does not affect the 
metaphase (M-l). Again, the induction of the enzyme repressor which has been formed already prior to the 
is delayed parallel to the delay of mitosis (M), how- treatment; thus, the yield of enzyme production is 
ever, the yield does not exceed the control peak. normal. 
These results indicate that X-irradiation equally 
retards the onset of mitosis and the periodic induction 
of thymidine kinase suggesting that the timing mecha- 
nisms of these events are closely interrelated. As a 
working hypothesis we assume that the nuclear divi- 
sion cycle is controlled by the sequential transcription 
of a particular set of genes including the gene of 
thymidine kinase. Progress along this sequence re- 
quires concomitant synthesis of RNA and protein 
[3, 17, 181. Thus, a particular gene of this sequence 
may be transcribed only after the gene product of the 
preceding step has been formed [ 191. A delay of the 
transcription of the thymidine kinase gene, which 
presumably occurs during late G2-period [3] , may 
result from an interaction with any preceding step at 
the transcription or translation level. Based on our 
data we favor the idea that irradiation during the early 
sensitive period delays the induction of thymidine 
kinase as well as the onset of mitosis by an inter- 
ference with the transcription of “early” genes of the 
sequence, whereas irradiation during GZ-phase may 
affect the function of “late” genes at the translation 
level. 
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